Introduction
Measurement of intraocular pressure (IOP) plays a central role throughout ophthalmology. It is part of routine ophthalmologic examinations and important in the management and follow-up of patients with glaucoma. 1 While elevated IOP remains the most important risk factor for development 2 and progression of open angle glaucoma, 3 at least half of the population diagnosed with open angle glaucoma is asymptomatic. of corneal properties, eg, central corneal thickness and corneal curvature by refractive surgery has increased the risk of IOP measurement error and consequently focused attention on the methods used to measure IOP. New methods for IOP measurement and assessing corneal biomechanics are continuously under study and evaluation.
In this study, we evaluated the ease and accuracy of IOP measurement before and after refractive surgery (LASIK and epithelial [Epi]-LASIK) using applanation tonometry, air puff tonometry, an ocular response analyzer (ORA), and a Scheimpflug camera (Pentacam ® , OCULUS Optikgerate GmbH, Wetzlar, Germany), comparing post-LASIK and post-Epi-LASIK groups to determine the effect of lamellar refractive surgery versus surface ablation on IOP measurements obtained after each type of procedure.
Materials and methods

Study design
This was a prospective comparative clinical study between February 2011 and September 2011 of 30 eyes divided into four groups. Groups A and B included 20 corneas of 10 patients before and after undergoing LASIK surgery, respectively. Groups C and D included 10 corneas of five patients before and after Epi-LASIK surgery, respectively. We included patients who were candidates for refractive surgery (LASIK and Epi-LASIK) and aged 20-50 years, with clear corneas, moderate myopia of −2 to −6 diopters, and stable refraction. Patients with ocular pathology, such as corneal scarring or keratoconus, and those with any previous anterior segment surgery were excluded.
Preoperative assessment
A complete ocular and medical history was obtained, with particular attention paid to the presence of collagen vascular disease, hormonal changes such as pregnancy, previous refractive or other anterior segment surgery, ocular injuries, and vitreoretinal surgery or disease. Medications and allergies were also noted. Written informed consent was obtained after detailed instruction and discussion. Soft contact lens wearers were required to leave their lenses out for one week, and 2 weeks for hard and rigid gas-permeable lenses. All patients underwent the following tests before surgery: autorefractometry, corneal topography, uncorrected visual acuity and best-corrected visual acuity for far distances, slit-lamp examination, dilated fundus examination, and pachymetry using the Pentacam camera with the basic software package. Intraocular pressure was measured using a slit-lamp-mounted Goldmann applanation tonometer (Haag-Streit, Bern, Switzerland), an air puff tonometer (Reichert Ophthalmic Instruments, Depew, NY), an ORA (Reichert Ophthalmic Instruments, model 30 classic, software version 2.0, Depew), or a Scheimpflug (Pentacam) camera. Pentacam-corrected IOP was calculated using the Ehlers formula, being the only one available in our version of the machine, using Goldmann applanation tonometry values.
Surgical technique
All surgeries were undertaken by the same surgeon (MH). LASIK was performed under topical anesthesia (benoxinate hydrochloride 0.4%) using Visx S4 IR (Abbott Medical Optics Inc, Santa Ana, CA) and an automated microkeratome (Moria SA, Antony, France, 90 µm blade), with a disposable head to produce a superiorly hinged flap. Epi-LASIK was done using an epikeratome (a preassembled dull separator and a suction ring producing a nasal hinge flap that is removed). Balanced salt solution chilled to 4°C was instilled for anesthesia as part of our routine technique. Mitomycin C 0.02% was applied for 12 seconds after performing laser ablation, followed by washing in balanced salt solution chilled to 4°C and application of a bandage contact lens.
Postoperative assessment
In addition to routine assessment, pachymetry and IOP were re-evaluated 2 months after performing the refractive surgery using the same devices.
Statistical analysis
Statistical analysis was performed using the Statistical Package for Social Sciences version 16 (SPSS Inc, Chicago, IL).
Firstly, all variables were tested for normality using the Kolmogorov-Smirnov test. The test was significant, and non-normality was accepted for all variables. Accordingly, quantitative data are presented as the median (range), while qualitative data are presented as the number (percentage). Because not all quantitative data were normally distributed, the variables were compared between two related samples using Wilcoxon's test and two unrelated samples using the Mann-Whitney U test. P , 0.05 was considered to be statistically significant. Furthermore, bivariate correlations were performed between different parameters using the Spearman correlation coefficient (r). ∆ for a variable was calculated by subtracting the postoperative value from the preoperative value.
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Results
Our LASIK patients were aged 20-50 years, with 30% being men, and our Epi-LASIK patients were aged 20-31 years, with 20% being men. Patient demographics, preoperative and postoperative pachymetry, and IOP values for LASIK and Epi-LASIK patients are shown in Table 1 .
Significant positive linear correlations were found preoperatively between IOP values measured by Goldmann applanation tonometry and those measured by air puff tonometry, Pentacam correction and ORA corneal compensation, as well as central corneal thickness by pachymetry in LASIK patients (group A). The correlation between preoperative Pentacam-corrected and ORA corneal-compensated IOP was the strongest with Goldmann applanation tonometry (r = 0.97 and r = 0.858, respectively, P , 0.001). Significant positive linear correlations were also obtained in Epi-LASIK patients (group C). Furthermore, correlations were sought for all LASIK and Epi-LASIK patients together (by adding group A to C) and stronger correlations were found (Table 2, Figure 1 ).
Using the Wilcoxon test, these results were confirmed for groups A and C and all the study patients (group A + C) preoperatively by a statistically significant difference between preoperative Goldmann applanation and air puff tonometry (P = 0.016 group A, P = 0.009 group C, P = 0.001 group A + C) and no statistically significant difference when Figure 2 ).
Compared with preoperative values, postoperative IOPs measured by the four methods were significantly lower in both LASIK and Epi-LASIK patients (Table 4 , Figures 3   and 4) . Interestingly, the difference was particularly evident when IOP was measured using Goldmann applanation and air puff tonometry (median . 6 mmHg for LASIK patients, about 2 mmHg for Epi-LASIK patients), compared with ORA corneal-compensated and Pentacam-corrected IOP (median ± 1 mmHg for both the LASIK [P , 0.001] and Epi-LASIK patients [P = 0.017]). The degree of IOP-lowering (∆) measured using all methods was greater in LASIK patients than in Epi-LASIK patients ( Table 4 ). The Pentacam and ORA methods were nearly equal in accuracy, with a tendency for Pentacam to give more accurate IOP measurements following LASIK and Epi-LASIK, because its ∆ value was lower for all patients.
Our study data showed statistically insignificant correlations between the degree of lowering of postoperative IOP and postoperative pachymetry (central corneal thickness) values in both LASIK (group B) and Epi-LASIK (group D) patients (Table 6 ). These findings were confirmed by classifying the LASIK group of patients into two subgroups according to median postoperative pachymetry (461 µm), and no significant difference was found with regard to the degree of IOP underestimation between these two subgroups ( Table 7) . Comparison of pachymetry ∆ (postpreoperative pachymetry value) with IOP ∆ values for each method showed a significant positive linear correlation between each of ORA ∆ and air puff ∆ and pachymetry ∆ in LASIK patients (r = 0.48 and r = 0.43, respectively) and a significant moderately strong positive linear correlation between air puff ∆ and pachymetry ∆ in Epi-LASIK patients (r = 0.66, Table 8 ).
Discussion
IOP measurement plays an important role in ophthalmology. Corneal refractive surgery alters corneal thickness and affects corneal biomechanical properties, making measurement of IOP inaccurate. Patients who have had corneal refractive surgery may lose vision due to undiagnosed glaucoma. 4 In this prospective comparative clinical study, we demonstrated that refractive surgery causes significant lowering of IOP measured using the Goldmann applanation tonometry, air puff tonometry, ORA, and Pentacam methods, with LASIK having more effect on errors of IOP measurement following refractive surgery compared with Epi-LASIK.
Strong positive linear correlations were found in our study between preoperative IOP values measured by Goldmann applanation tonometry and those measured by Pentacam correction (LASIK patients, r = 0.97, P , 0.001; Epi-LASIK patients, r = 0.92, P , 0.001) or by ORA (LASIK patients, r = 0.858, P , 0.001; Epi-LASIK patients, r = 0.845, P = 0.002) prior to refractive surgery. These findings were confirmed by the lack of a significant difference between IOP readings estimated by the three methods, and between preoperative Goldmann applanation-Pentacam correction and Goldmann applanation-ORA corneal compensation.
In addition, strong positive linear correlations were found between preoperative pachymetry and Goldmann applanation tonometry values only for LASIK patients (r = 0.69, P = 0.001), which may be due to the smaller sample size of the Epi-LASIK group. With regard to air puff tonometry, a significant positive correlation was found with Goldmann applanation tonometry in the current study (LASIK patients, r = 0.71, P , 0.001; Epi-LASIK patients, r = 0.88, P = 0.001). However, a significant difference was found between preoperative Goldmann applanation and air puff tonometry and between preoperative Goldmann applanation and Pentacam correction.
The results of previous studies are consistent with our finding of a strong correlation between Goldmann applanation tonometry and central corneal thickness, establishing a significant relationship between central corneal thickness and IOP measured with Goldmann applanation tonometry whereby a thick cornea may give a falsely elevated IOP reading and vice versa for a thin cornea. [5] [6] [7] [8] [9] Accordingly, correction tables for Goldmann applanation tonometry according to central corneal thickness are used. In contrast, Myers pointed out that compensation tables often disagree with each other and a lack of correlation between central corneal thickness and IOP can lead clinicians to correct IOP by the wrong magnitude. 10 Vandewalle et al found no correlation between IOP measurements and central corneal thickness for four instruments, ie, I-care, Pascal dynamic contact tonometry, ORA, and Goldmann applanation tonometry. 11 However, Liu and Roberts have recently shown that the relationship between central corneal thickness and IOP is nonlinear. Thus, the nomograms cannot fully correct measured IOP based on a single measurement of central corneal thickness, 12 and there is ongoing debate concerning how much variance in IOP measurement can be explained by central corneal thickness alone. 13 A strong positive linear correlation was found between preoperative Goldmann applanation tonometry and ORA corneal-compensated IOP measurements in the current study. Similar results were found in earlier research. 14 Liu et al reported that differences in corneal biomechanics between individuals may contribute more than corneal thickness or curvature to IOP measurement errors. 12 A significant decrease in postoperative IOP, compared with preoperative values, was found among both LASIK and Epi-LASIK patients in our study. Similar results have been shown for Goldmann applanation tonometry measurements following LASIK, with some also reporting a significant decrease [15] [16] [17] [18] [19] [20] and others reporting a less pronounced effect 4, 9, 21 after photorefractive keratectomy and laser epithelial keratomileusis (LASEK). 19 In a study of patients undergoing LASEK only, all tonometry methods showed a small but statistically significant reduction in IOP 3 and 6 months postoperatively. 22 Interestingly, the decrease in postoperative IOP in the current study (Table 5 , Figures 3 and 4 ) was significant when measured using Goldmann applanation and air puff tonometry compared with IOP measured by ORA and Pentacam. More IOP measurement errors and underestimations using Goldmann applanation tonometry, ORA, Pentacam, and air puff tonometry were seen in the LASIK group than in the Epi-LASIK group. In addition, Goldmann applanation and air puff tonometry underestimated IOP after LASIK by about 6 mmHg, while ORA and Pentacam-corrected IOP underestimated IOP by about 1 mmHg. Accordingly, the ORA and Pentacam methods were found to be more reliable for measuring IOP following LASIK and Epi-LASIK than were the Goldmann applanation and air puff tonometry methods, a finding supported by the hypothesis that ORA corneal compensated IOP is less influenced by corneal properties such as central corneal thickness and does not appear to drop significantly following LASIK. 23 Previous studies have found the ORA is helpful for clarifying IOP in patients whose standard tonometry readings are misleading, such as in patients who have had LASIK surgery. In our study, the difference in accuracy between Goldmann applanation tonometry or noncontact tonometry and ORA corneal-compensated IOP readings was apparent in the preoperative and postoperative IOP recordings for LASIK patients. Artificially low Goldmann applanation and noncontact tonometry IOPs are well documented following LASIK because the procedure alters the corneal thickness and composition. However, IOP values before and after LASIK are consistent when they are measured using the ORA method. 10, 19, 20, [24] [25] [26] Regarding the relationship between postoperative pachymetry and the degree of decrease in postoperative IOP, in contrast with most of the previous studies, our study did not show a statistically significant correlation between degree of reduction in postoperative IOP and postoperative pachymetry measurements in LASIK and Epi-LASIK patients. This may be explained by our small patient population and/or inclusion submit your manuscript | www.dovepress.com Sánchez-Navés et al reported a highly significant reduction of IOP readings after LASIK for both myopic and hyperopic eyes, and that the reduction was stable one year after LASIK. In the case of myopic eyes, the reduction had a highly significant linear correlation with the amount of tissue ablated in the central region of the cornea because of flap cutting and tissue removal in the central region of the cornea. The mean contribution of flap cutting was estimated to be 1.6 ± 0.8 mmHg, whereas ablation contributes an additional 0.029 ± 0.003 mmHg per micrometer of removed tissue. 35 As already mentioned, postoperatively there were underestimations of IOP using all methods, whether after LASIK or Epi-LASIK. The ORA and Pentacam methods were more reliable for measurement of IOP following LASIK. There was more error in IOP measurement and underestimation after LASIK than after Epi-LASIK, but we have to consider the smaller number of Epi-LASIK patients included in our study. The wide variation in age in our patient population was partially overcome by performing the study on the same patients before and after the intervention. Other limitations include our relatively small number of LASIK patients, which may decrease the statistical power and reproducibility of our results, the short period of follow-up after refractive surgery (such patients are easily lost to follow up, especially if they are satisfied with the outcome), and the absence of a reliable reference method for measuring IOP following LASIK, whereas of a limited myopia range (between −2 and −6 diopters). Inclusion of a wider range of myopia could have resulted in a wider range of ablation, and so a wider range of postoperative pachymetry values.
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Comparison of pachymetry ∆ with IOP ∆ values for each method showed a fairly significant positive linear correlation between ORA ∆, air puff ∆, and pachymetry ∆ in LASIK patients and a moderately strong significant positive linear correlation between air puff ∆ and pachymetry ∆ in Epi-LASIK patients, which suggests that the amount of ablation (depending on preoperative error of refraction) can influence the IOP reading following LASIK and Epi-LASIK using these methods.
Muller et al reported that LASIK for myopia produced a mean 3.69 ± 1.63 mmHg underestimation of IOP when measured by Goldmann applanation tonometry at the central part of the cornea. The decrease in IOP was related to the preoperative IOP and the change in central corneal thickness after LASIK. Thickness of the residual bed appears to influence readings obtained using Goldmann applanation tonometry after myopic LASIK. 16 Numerous studies have shown that corneal thickness plays an important role among the factors contributing to underestimation of IOP in LASIK patients, ranging from 1.3 mm Hg to 6.1 mm Hg.
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Goldmann applanation tonometry is a reliable reference method to measure IOP prior to any refractive procedure.
To the best of our knowledge, the current study is the first to compare IOP measurements before and after Epi-LASIK surgery. Longer-term follow-up of these patients is expected to improve our understanding of the corneal biomechanics involved and their effect on IOP measurements after refractive surgery, and will also help to identify a reliable reference method for measurement of IOP following refractive procedures, especially LASIK. 
